













































METHODS  FOR  PRECIOUS  METAL  EXTRACTION  AND  RECOVERY  FROM 
ORES AND WASTE MATERIALS EG EWASTES AND SPENT CATALYSTS	 
(YDROMETALLURGICAL  PROCESSING  REMAINS  A  STANDARD METHOD 
FOR METAL  EXTRACTION  FROM ORES  ;=  AND  IS  BECOMING MORE 
POPULAR IN MANY METAL RECYCLING PROCESSES ;= BECAUSE OF ITS 
SIMPLER OPERATION AND LOWER COST 4HE USE OF NEW LEACHANTS 







2ECENT  YEARS  HAVE  SEEN  INCREASING  ACTIVITIES  IN  SELECTIVE 
ADSORPTION OF PRECIOUS METALS  FROM SOLUTIONS  &OR  INSTANCE 
0ARAJULI ET AL  ;=  REPORTED  THAT AMINATED  LIGNIN DERIVATIVES 
ARE CAPABLE OF SEPARATING GOLD PALLADIUM AND PLATINUM IONS 
FROM  SOLUTIONS  THAT  CONTAIN  COPPER  IRON  NICKEL  AND  ZINC 
IONS $OKER AT AL ;= EMPLOYED A NEW HYDROGEL TO SEPARATE 
PLATINUM  AND  PALLADIUM  FROM  OTHER  TRANSITION METALS  /UR 
RECENT  WORKS  ;=  HAVE  SHOWN  THAT  THE  SELECTIVITY  OF 
MESOPOROUS ADSORBENTS BASED ON -#- COULD BE TAILORED 
TO SELECTIVELY REMOVE ONLY THE PRECIOUS METALS INCLUDING GOLD 
;=  AND  SILVER  ;=  FROM SOLUTIONS CONTAINING A BASE METAL 
EG COPPER AND NICKEL	 4HE GOLD AND SILVER WERE RECOVERED 
AS  HIGH PURITY  CONCENTRATED METAL  SALT  SOLUTION BY  AN  ACID 
WASH  AND  THE  REGENERATED  ADSORBENTS  COULD  BE  REUSED 
WITHOUT  LOST OF PERFORMANCE  3IMILAR  APPROACH WAS USED  IN 
THE DESIGN OF OTHER SELECTIVE MESOPOROUS ADSORBENTS FOR THE 
SEPARATION  REMOVAL  AND  RECOVERY  OF  HIGH  PURITY METAL  SALT 
SOLUTION  FROM  BINARY MIXTURES  OF  #R/
  AND  #U  THAT  ARE 
FOUND IN ELECTROPLATING WASTE ;= AND OF .I AND #D FROM 
RECYCLING OF SPENT .I#D BATTERIES ;= )N THIS WORK WE FURTHER 
DEMONSTRATE  THE  FEASIBILITY  OF  DESIGNING  HIGHLY  SELECTIVE 
ADSORBENTS  BASED  ON  MESOPOROUS  SILICA  FOR  THE  SELECTIVE 
SEPARATION  AND  RECOVERY OF  HIGH PURITY GOLD  AND PALLADIUM 
FROM BINARY AND COMPLEX MIXTURES CONTAINING THESE METALS 
! SYSTEMATIC STUDY WAS CONDUCTED TO INVESTIGATE THE EFFECTS 
OF  SOLUTION  P(  CONCENTRATION  AND  COMPOSITION  ON  THE 
ADSORPTION 
%XPERIMENTAL
4HE  REAGENTS  USED  FOR  THE  PREPARATION  OF  MESOPOROUS 





AL  ;=  SHOWED  THAT  NITROGENCONTAINING  LIGANDS  ON  SILICA 
CAN ADSORB GROUP 6))) METALS  INCLUDING GOLD PALLADIUM AND 
PLATINUM  4HE  .(-#-  ADSORBENTS  WERE  PREPARED  BY 
GRAFTING  AMINOPROPYLS  IE  #(.(	  ON  THE  WALLS  OF  THE 
-#- BY  RE¾UXING  G -#- POWDER  IN  ML DRY 
TOLUENE CONTAINING  MOLE OF !043 FOR  H ACCORDING TO 
THE METHOD  DESCRIBED  BY  (O  ET  AL  ;=  4HE .(-#- 
POWDER WAS  ½LTERED  WASHED WITH  TOLUENE  AND  DRIED  IN  AN 
OVEN AT  + OVERNIGHT  4HE DRIED ADSORBENT WAS GROUND 
AND  SIEVED  BEFORE  USE  IN  THE  ADSORPTION  EXPERIMENTS  4HE 
PREPARED -#-  AND .(-#- WERE  CHARACTERIZED BY 
8RAY DIFFRACTION 82$ 0HILIPS 	 . PHYSISORPTION #OULTER 
3!  	  &OURIER  TRANSFORM  INFRARED  SPECTROSCOPY  &4)2 
0ERKIN%LMER  '8  	  8RAY  PHOTOELECTRON  SPECTROSCOPY 
803  0HYSICAL  %LECTRONICS  0()  	  AND  ELEMENTAL  ANALYSIS 
%!  %LEMENTAR  6ARIO  %,  )))	  TO  DETERMINE  THEIR  PHYSICAL  AND 
CHEMICAL PROPERTIES
3INGLE  AND  BINARY  COMPONENTS  GOLD  AND  PALLADIUM 
ADSORPTIONS  WERE  MEASURED  BY  ADDING    GRAMS  OF 
ADSORBENT POWDERS TO  ML AQUEOUS METAL SALTS	 SOLUTIONS 
3MALL AMOUNTS OF DILUTE (#L AND .A/( SOLUTIONS WERE ADDED 








WERE MADE  FOR EACH  SAMPLE AND  THE  RESULTS WERE AVERAGED 
#ALIBRATION WAS MADE BEFORE EACH SET OF MEASUREMENTS USING 
)#0  STANDARD  SOLUTIONS  4HE  EQUILIBRIUM  ADSORPTION  CAPACITY 
WAS CALCULATED FROM EQUATION 
  QE    	
WHERE  QE  MMOLG	  IS  THE  ADSORPTION  CAPACITY  #O  M-	 
AND #E  M-	  ARE  THE  INITIAL  AND  ½NAL METAL  CONCENTRATIONS 
RESPECTIVELY 6 ,	 IS THE SOLUTION VOLUME AND M G	 IS THE MASS 
OF ADSORBENT USED FOR THE ADSORPTION 
4HE  SELECTIVE  ADSORPTIONS  OF  GOLD  AND  PALLADIUM 
CETYLTRIMETHYLAMMONIUM  BROMIDE  #4!"R  	 
AMINOPROPYLTRIMETHOXYSILANE  !043  	  AND 
AMMONIUM HYDROXIDE .(/( WT	 PURCHASED FROM 
!LDRICH  AND  &ISHER  3CIENTI½C  4HE  DRY  TOLUENE    	 
SOLVENT  WAS  SUPPLIED  BY  -ALLINCKRODT  'OLD  )))	  CHLORIDE 
!U#L  	  FROM  )NTERNATIONAL  ,AB  AND  PALLADIUM  ))	 
CHLORIDE  0D#L 	  FROM !LDRICH WERE USED  IN  THE  SINGLE 
BINARY AND MULTICOMPONENTS ADSORPTION EXPERIMENTS 4HE 
MULTICOMPONENTS  SOLUTIONS  ALSO  CONTAIN  COBALT  ))	  NITRATE 
#O./	 	 NICKEL ))	 NITRATE .I./	 	 AND COPPER 
))	 NITRATE #U./	 	 FROM .ACALAI 4ESQUE )NC AND THE 
ZINC  ))	  NITRATE  :N./	  	  BOUGHT  FROM  &ISHER  $ILUTE 






4HE  MESOPOROUS  -#-  SILICA  WAS  PREPARED  AT  ROOM 
TEMPERATURE  FROM  AN  ALKALINE  SYNTHESIS  SOLUTION  WITH MOLE 
RATIOS OF  3I/ #4!"R  .(/(  (/ ACCORDING 
TO  THE PROCEDURE DESCRIBED  IN  THE PREVIOUS WORK  ;=  4HE 
AMORPHOUS WHITE PRECIPITATES FORMED EARLY IN THE SYNTHESIS 
EVENTUALLY CRYSTALLIZED INTO -#- POWDER AFTER TWO HOURS 
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'OLD "ULLETIN    
WERE  DEMONSTRATED  USING  A  MULTICOMPONENTS  SOLUTION 
CONTAINING GOLD  PALLADIUM  COBALT  NICKEL  COPPER  AND ZINC 
PREPARED  FROM  METAL  SALTS  4HE  COMPLEX  SOLUTION  HAD  A 
COMPOSITION OF  M-   PPM	 !U#L  M-   PPM	 
0D#L  M-  PPM	 #O./	  M-  PPM	 .I./	 
 M-    PPM	  #U./	  AND   M-    PPM	  :N./	 
0ALLADIUM AND GOLD WERE ADSORBED IN TWO SEPARATE STEPS AND 
HIGH  PURITY  PALLADIUM  CHLORIDE  AND  GOLD  CHLORIDE  SOLUTIONS 
WERE RECOVERED FROM THE SPENT ADSORBENTS BY A SIMPLE ACID 
WASH WITH  - (#L SOLUTION !CID WASH ALSO REGENERATED THE 
ADSORBENT  FOR  REUSE  IN  THE  SUBSEQUENT  EXPERIMENTAL  STEPS 
4HE  ADSORPTION  RECOVERY  AND  REGENERATION  WERE  CARRIED 
OUT AT    + IN A SHAKER BATH 4HE PERCENT REMOVAL AND 
RECOVERY OF THE PRECIOUS METALS %QNS   	 AS WELL AS THE 
ADSORPTION  SELECTIVITY  %QN  	 WERE DETERMINED BY  )#0!%3 
ANALYSES
  !DSI   X  	
 
  2CI   X  	
 
  3ELI  ,OG    	
WHERE  #W  M-	  AND  6W  ,	  ARE  THE  CONCENTRATION  OF METAL 
CATIONS IN THE ACID WASH AND THE VOLUME OF WASHING SOLUTION 
RESPECTIVELY 4HE INDEX I PERTAINS TO ONE OF THE PRECIOUS METALS 




4HE  DETAILED  DESCRIPTION  OF  THE MESOPOROUS -#-  SILICA 
AND  ITS  DERIVED  AMINOPROPYLATED  .(-#-  ADSORBENTS 
WAS PUBLISHED ELSEWHERE ;= 4HE CALCINED -#- POWDER 





+RUK  ET  AL  ;=  BASED  ON  THE  DSPACING MEASURED  BY  82$ 
AND  SPECI½C  PORE  VOLUME  FROM  THE  .  PHYSISORPTION 
EXPERIMENTS  4HE  CALCINED  POWDER  HAD  A  "%4  SURFACE  AREA 
OF   MG  AND  A  SPECI½C  PORE  VOLUME  OF    CMG 
803  DETECTED  ONLY  SILICON  AND  OXYGEN  FROM  THE  CALCINED 
-#-  WITH  A  TRACE  AMOUNT  OF  CARBON  FROM  ADSORBED 
  !DSORBENT   -AX ADSORPTION   2EFERENCE
    CAPACITY
    MMOLG MGG	 
  !CTIVATED CARBON   	  
  $EGUSORB # 
  GRANULAR COCNONUT   	  
  SHELL CARBON	
  #OMMERCIAL CARBON 
  0)#! ' !3	   	  
  "AGASSE   	  















































ORGANIC  CONTAMINANTS  FROM  THE  AMBIENT  SURROUNDING  4HE 
&4)2 DETECTED ONLY THE SURFACE SILANOL GROUP AND THERE WERE 
NO SIGNALS FROM THE ORGANIC COMPOUNDS 4ABLE  SUMMARIZES 
THE  "%4  SURFACE  AREA  THE  AVERAGE  PORE  DIAMETER  SPECI½C 
PORE VOLUME AND THE PREDOMINANT SURFACE CHEMICAL MOIETIES 
FOUND ON THE -#-
'RAFTING  THE  AMINOPROPYLS  ON  THE  SURFACE  OF  -#- 
DID  NOT  AFFECT  THE  PARTICLE  SIZE  AND  MORPHOLOGY  BUT  THE 
SURFACE  AREA  IE    MG	  AND  PORE  SIZE  IE    NM	 
OF  THE  .(-#-  DECREASED  4ABLE  	  803  ANALYSIS  OF 













FOUND  ON  THE  SURFACE  OF  THE -#-  'OLD  AND  PALLADIUM 
ADSORBED ON .(-#- THROUGH THE INTERACTIONS BETWEEN 
THE  PROTONATED  2.(






PORE  CHANNELS  OF  THE -#-  4HE  P(  PLAYS  AN  IMPORTANT 
ROLE  IN  THE ADSORPTION OF GOLD AND PALLADIUM ON .(-#-
 4ABLE   LISTS THE ADSORPTION CAPACITY OF .(-#- FOR 
GOLD  AT   AND  MMOLG  IE    AND  MGG	  FOR 
P(  AND  P(  RESPECTIVELY  4HE  .(-#-  ADSORBED 
ABOUT  MMOLG  IE   MGG	  OF  PALLADIUM AT P( 
AND P( 4HE ADSORPTION CAPACITY OF .(-#- FOR GOLD 
COMPARES  FAVOURABLY  TO  THE  ACTIVATED  CARBONS  AS  SHOWN  IN 
4ABLE  4HE ACTIVATED CARBONS INCLUDING DEGUSORB AND 0)#! 
HAVE SURFACE AREAS IN EXCESS OF  MG AND HAVE PARTICLE 





!  MORE  DETAILED  STUDY  OF  THE  EFFECTS  OF  P(  ON  THE 
METAL  ADSORPTION WAS CARRIED OUT  IN BINARY !U0D  SOLUTIONS 
CONTAINING  EQUIMOLAR  CONCENTRATIONS  OF  !U#L  AND  0D#L 
$ILUTE  (#L  SOLUTION  WAS  ADDED  TO  ADJUST  THE  SOLUTION  P( 
TO  VALUES  BETWEEN    AND    BELOW  THE  POINT  OF  ZERO 
CHARGE  IE  PZC    P(	  OF  .(-#-  &IGURE    PLOTS 
THE EQUILIBRIUM ADSORPTIONS OF GOLD AND PALLADIUM ON .(
















&IGURE    PLOTS  THE  BINARY  ADSORPTION  ISOTHERMS  OF 
GOLD  AND  PALLADIUM  AT  P(  AND  P(  ,ESS  THAN   
MMOLG IE  MGG	 OF GOLD IS ADSORBED AT P( COMPARED 
TO  MMOLG IE  MGG	 AT P( 4HE AMOUNTS OF 















































CONTAINING  TRACE  AMOUNT  OF  PALLADIUM  IN  LARGE  EXCESS  OF 





4HE .(-#- WAS  TESTED  FOR  THE SEPARATION OF PRECIOUS 
METALS FROM A SIXCOMPONENT METAL SOLUTION 4HE SEPARATION 
SCHEME IS ILLUSTRATED IN &IG  4HE STARTING SOLUTION CONTAINED 
M-  !U#L  M-  0D#L  AND  M-  EACH  OF  #O./	 
.I./	 #U./	 AND :N./	  IE  SOLUTION  &IG 		 
AND APPROXIMATES THE PREGNANT SOLUTION FROM GOLD RE½NERY 
USING  -ILLER  CHLORINATION  PROCESS  4HE  CONCENTRATION  WAS 
ADJUSTED HIGHER TO DECREASE THE UNCERTAINTY IN THE ADSORPTION 




LITRE  OF  SOLUTION  4HE  ADSORPTION WAS  ALLOWED  TO  EQUILIBRATE 
AT        +  IE  ROOM  TEMPERATURE	  FOR    H  4HE  SPENT 
.(-#-  WAS  ½LTERED  AND  WASHED  WITH    -  (#L 
IE 6W6  	 TO REGENERATE THE ADSORBENT AND RECOVER THE 




AS A  RESULT OF  INSUF½CIENT WASHING OF  THE ½LTERED ADSORBENT 
4HE !DS0D ON .(-#- ACCORDING  TO %QN  APPROACHES 




Adsorption at pH1 
Adsorption at pH2.5 
Pd solution (2)
Recovery by 




































































































































Au Pd Co Ni Cu Zn
Au Pd Co Ni Cu Zn Au Pd Co Ni Cu Zn
Au - Pd - Co - Ni - Cu - Zn 
solution (1)
Au - Co - Ni - Cu - Zn 
solution (3)
Au - Co - Ni - Cu - Zn 
solution (4)









ADSORBED  GOLD  AT  THIS  P(  4HE  REGENERATED  ADSORBENT  WAS 
ADDED  TO  SOLUTION   AND  ALLOWED  TO  EQUILIBRATE  AT  AMBIENT 
TEMPERATURE FOR  H !BOUT  MMOLG OR  MGG GOLD 
WAS  ADSORBED  LESS  THAN  THE  SINGLE  COMPONENT  ADSORPTION 
CAPACITY OF .(-#- FOR GOLD AT THIS P( 3OLUTION  WAS 
OBTAINED AFTER WASHING THE SPENT ADSORBENT WITH  - (#L IE 
6W6   	  &IGURE 	  SHOWS  THE  SOLUTION  IS MOSTLY !U#L 










DIF½CULT  BUT  OF  GREAT  ECONOMIC  IMPORTANCE  )T  IS  A  GREATER 
CHALLENGE  STILL  TO  SEPARATE  THE  INDIVIDUAL  PRECIOUS  METALS 
FROM THE MIXTURE SO AS TO RECOVER THE METALS AT SUF½CIENTLY 
HIGH PURITY  FOR  IMMEDIATE  REUSE  4HIS WORK HAS  SUCCESSFULLY 
ADDRESSED  BOTH  CHALLENGES  AND  DEMONSTRATED  THE  USE  OF 
MESOPOROUS  ADSORBENT  TO  SELECTIVELY  ADSORB  AND  SEPARATE 
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OF  FUNCTIONAL  NANOPOROUS  AND NANOSTRUCTURED MATERIALS WITH 
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 ENVIRONMENTAL AND BIO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